Abstract The effects of noradrenaline on membrane resistance of smooth muscle cells of the guinea-pig main pulmonary artery were assessed from the change in amplitude of electrotonic potentials produced by extracellulary applied current pulses. Noradrenaline was applied exogenously by bath application or endogenously by stimulating perivascular nerves. Exogenous noradrenaline depolarized the smooth muscle membrane with an associated increase in amplitude of electrotonic potentials and produced spike responses. Perivascular nerve stimulation evoked an excitatory junction potential with slow time course. The amplitude of electrotonic potential was slightly decreased during generation of the excitatory junction potential, but the reduction was less than that observed during current-induced depolarization. These observations suggest that the depolarizations produced by either endogenous or exogenous noradrenaline are accompanied by an increase in membrane resistance of arterial smooth muscle.
perivascular nerve stimulation (SUZUKI, 1983) . The experiment was designed to estimate the effects of these two different NA on membrane resistance of the arterial smooth muscle, by measuring the changes in amplitude of electrotonic potentials.
MATERIALS AND METHODS
Albino guinea-pigs of either sex, weighing 200-300 g, were stunned and bled. The main pulmonary artery was dissected together with the heart and kept in the Krebs solution at room temperature. The artery was isolated and cleaned by removing tissues surrounding the vessel. Circular muscle strips measuring 1.5 mm in width and 6-7 mm in length were prepared. The tissue was mounted in an organ bath (volume, about 2 ml) and superfused with warmed (35.5°C) Krebs solution at flow rate of 2-3 ml/min.
A glass capillary microelectrode filled with 3 M KCl (tip resistance, 40-70 MSS) was penetrated into smooth muscle cells from the outer surface of the vessel. The muscle tissue was stimulated by the partition stimulating method (ABE and TOMITA, 1968) to produce an electrotonic potential or by the point stimulation method (SUZUKI,1983) to produce an excitatory junction potential. The electrical responses of smooth muscle cells were displayed on a pen-writing recorder (Nihon Kohden, .
Ionic composition of the Krebs solution was as follows (mM): Na +,137.4; K +, 5.9; Cat +, 2.5; Mgt +, 1.2; HC03 -,15.5; H2P04 -,1.2; C1, -134; glucose, 11.5. The solution was bubbled with 97% 02 with 3% C02, and the pH was maintained at 7.2-7.3.
Drugs used were l-noradrenaline HCl (Sigma), tetrodotoxin (Sankyo), and guanethidine sulfate (Tokyo Kasei). Measured values were expressed by. the mean + S.D. (n: number of observation).
RESULTS
Smooth muscle cells of the guinea-pig main pulmonary artery were electrically quiescent and the resting membrane potential ranged between -50 to -55 mV (HARA et al., 1980) . A previous study showed that in this artery, both endogenous and exogenous NA depolarize the membrane and, in high concentrations, produce spike potentials superimposed on the depolarization (SUzUKl,1983) . Figure 1 shows effects of exogenously applied NA (5 x 10-' M) on the amplitude of electrotonic potentials produced by alternate application of inward and outward current pulses of constant intensity. Experiments were carried out in the presence of guanethidine (3 x 10-6 M) and tetrodotoxin (3 x 10-' M), to eliminate possible involvement of transmitter substances released from perivascular adrenergic nerves in the electrotonic potentials. Recordings were made at a distance of 0.15 mm from the stimulating electrode; this distance was short enough compared to the electrical Effects of exogenously applied noradrenaline on electrotonic potentials. Guanethidine (3 x 10-6 M) and tetrodotoxin (3 x 10-' M) were present throughout. A: inward and outward current pulses with constant intensity (3 V/cm) and constant duration (1 s) were applied alternatively at a frequency of 0.1 Hz, while 5 x 10-' M noradrenaline (NA) was applied between the arrows. B-D: electronic potentials produced by various intesities of inward current pulses in the control condition (B), in the presence of 5 x 10-' M NA (C), and in the presence of NA after the membrane was repolarized by about 5 mV with inward current (D). In A-D, upper trace shows current monitor, in which upward and downward deflections indicate outward and inward currents, respectively. Lower trace shows membrane potential changes. Graphs B-D, but not A, were recorded from the same cell in close proximity to the stimulating electrode (0.15 mm). E: current-voltage relationship of the electrotonic potential produced by inward current pulses at three different conditions (• control; A in the presence of 5 x 10-' M NA; p repolarized by 4.6 mV with current injection in the presence of NA). Amplitudes of electrotonic potentials measured at each condition were plotted on the same scale. All the values were obtained from the same tissue. Vertical scale, membrane potentials measured from the resting membrane potential (RMP), in which positive and negative values indicate depolarization and hyperpolarization of the membrane, respectively. Horizontal axis, intensity of inward current given by V/cm across the stimulating electrodes. length constant of this tissue (about 1.2 mm, HARA et al., 1980) . During the NAinduced depolarization, amplitude of electrotonic potentials produced by inward current were nearly constant, while those produced by outward current were increased, and when the depolarization reached a maximum, a spike potential was generated (Fig. 1A) . Electrotonic potentials were produced by various intensities of inward current, before (Fig. 1B) and during the NA-induced depolarization (Fig.  1C) . The relationship between the stimulus voltage and the amplitude of resulting electrotonic potential was linear in both conditions, but the slope of the relationship was steeper in the NA-induced depolarization than in the control (Fig, 1E) . To rule out possible effects of membrane depolarization, the current-voltage relationship was observed in the same cell, after the depolarized membrane potential by NA was shifted close to the resting membrane potential level by applying an inward current of long duration (Fig. 1D) . The current-voltage relationship observed in this new membrane potential was still steeper than that observed in the control condition (Fig. 1E) . The mean value of the increase in slope of the current-voltage relationship observed at the resting membrane potential level in the presence of NA was 1.53 ± 0.20 (n = 7) times the control. This indicates that exogenously applied NA depolarizes the smooth muscle membrane with an increase in the membrane resistance.
Attempts were made to observe the change in amplitude of electrotonic potentials during generation of an excitatory junction potential (e.j.p.) produced by perivascular nerve stimulation; the partition and the point stimulating methods were combined (Fig. 2) . The nerve stimulation generated a spike potential and then an e.j.p. with a slow time course (SuzuKi, 1983) . The amplitude of electrotonic potentials were slightly decreased at the peak depolarization of e.j.p. (Fig. 2A) . Various intensities of current pulses were applied at the peak amplitude of the e.j.p. (11 s after the nerve stimulation, SuzuKi, 1983) , and amplitudes of the resulting electrotonic potentials were compared with those obtained in the resting potential (Fig. 2B) . The current-voltage relationships obtained in these two conditions were plotted on the same scale (Fig. 2D ). In the control condition, the relationship was linear to inward current, but showed rectification to outward current. The peak amplitude of the e.j.p. was 2.7 ± 0.2 mV (n =12) depolarization from the resting membrane potential, and the current-voltage relationship was less steep than that obtained in the control condition (Fig. 2D) . Since it was difficult to obtain a stable depolarization during the generation of an e.j.p., the effect of depolarization on the current-voltage relationship was ruled out by depolarizing the smooth muscle membrane with outward current to the potential close to the peak amplitude of e.j.p., and electrotonic potentials were obtained at this depolarized membrane potential of 2.5 + 0.3 mV (n =10) from the resting potential (Fig. 2C) . The slope of the current-voltage relationship obtained at the peak of the e.j.p. was 1.31 ±0.11 (n =8) times steeper than that obtained during the current-induced depolarization (Fig. 2D ). These observations suggest that e.j.p. is generated with an associated increase in membrane resistance.
DISCUSSION
In vascular smooth muscles, the estimation of the specific ionic conductance change due to activation of a-adrenoceptors by NA has been achieved in two ways; one is to observe the change in amplitude of electrotonic potential during the NAinduced depolarization; another is to observe the effect of changing the ionic composition of the environment on the NA-induced depolarization. The former study produced equivocal results, i.e., NA increased the membrane resistance in the guinea-pig mesenteric artery (KARASHIMA,1981 ), mesenteric vein (SuzuKi, 1981 , or abdominal aorta (KAJIWARA, 1982) , while it decreased the membrane resistance in the rabbit main pulmonary artery (CASTEELS et al., 1977) or in the guinea-pig mesenteric artery (KURIYAMA and MAKITA, 1983; BOLTON et al., 1984) . Because of the rectifying property of the vascular smooth muscle membrane, depolarization per se reduces the amplitude of electrotonic potential (MEKATA, 1976; CASTEELS et al., 1977; KAJIWARA, 1982) . In addition, the smooth muscle membrane of small arteries such as the mesenteric artery shows anomalous rectification to outward current, i.e., depolarization of the membrane to a certain level causes increase in amplitude of electrotonic potential (SUZUKI et a!., 1982) . Presumably, these passive changes in membrane resistance during depolarization may cause inconsistent results for the effects of NA on membrane resistance.
In the guinea-pig main pulmonary artery, depolarizing responses of the smooth muscle membrane to endogenous and exogenous NA are suppressed by aadrenoceptor blocking agents (prazosin or phentolamine), and therefore both NA stimulate the same type of adrenoceptor, al-receptor, in the artery (SuzuKi, 1983) . During the NA-induced depolarization, amplitude of electrotonic potentials produced by inward current slightly decreased or did not change. The smooth muscle membrane of the guinea-pig main pulmonary artery showed rectification to outward current, and depolarization of the . membrane decreased membrane resistance (HARA et al., 1980) . The current-voltage relationship observed during the NA-induced depolarization was steeper than that in the absence of NA, when the passive changes in membrane resistance were eliminated by conditioning depolarization or hyperpolarization of the membrane. These results indicate that in the pulmonary artery, membrane depolarizations produced by both endogenous and exogenous NA are associated with an increase in membrane resistance.
In smooth muscles, including vascular tissues, the equilibrium potentials for potassium ion are about -80 to -90 mV, which are more negative than the resting membrane potential, while those for sodium and chloride ions are above the resting membrane potential (CASTEELS, 1981) . Therefore, involvement of the reduction of potassium conductance during the NA-induced depolarization is considered, as in the case of the guinea-pig mesenteric vein (SUZUKI, 1981) . The membrane resistance was increased by exogenous NA more than by endogenous NA in the guinea-pig main pulmonary artery. In vascular tissues, electrical stimulation of perivascular adrenergic nerves releases many substances, together with NA. They involve adenosine triphosphate (ATP), dopamine /3-hydroxylase, or metabolites of NA (SMITH et a!.,1970; Su,1975; KLEIN et a!.,1982; MISHIMA et al., 1984) . Among these substances, ATP depolarizes vascular smooth muscle cells and decreases the membrane resistance (SuzuKi, 1985) . Therefore, involvement of such a substance in the e.j.p. would cause differences in potency to increase the membrane resistance between endogenous and exogenous NA.
Experiments using modified ionic solutions conclude that the NA-induced depolarization is a result of an increase in sodium conductance of the membrane, from evidence that the amplitude of the NA-induced depolarization is decreased in low sodium or sodium-free solution (TAKATA, 1979) . In vascular smooth muscles, reduction of sodium concentration results in a depolarization of the membrane (DROOGMANS and CASTEELS, 1979; TAKATA, 1979; ITOH et a!., 1981) , and in various concentrations of sodium the level of the NA-induced depolarization is nearly constant (SuzuKi, 1981) . Therefore, the reduced amplitude of the NA-induced depolarization has to be explained in a different way, i.e., reduction of sodium concentration does not exert significant effects on the NA-induced depolarization. Reduction in absolute amount of membrane depolarization by NA in low sodium solutions does not suppress, or rather enhances the NA-induced contraction in the guinea-pig mesenteric artery (ITOH et al., 1981) , suggesting that reduction of sodium concentration does not suppress the receptor-mediated calcium supply in vascular smooth muscles.
In conclusion, NA-induced depolarization of smooth muscle cells of the guinea-pig main pulmonary artery is associated with an increase in the membrane resistance. This increase would facilitate generation of active responses in smooth muscle cells, which in turn would generate twitch contractions during application of NA (KEATINGE, 1979; ITOH et al., 1983; SUzuKi, 1983 ).
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